Abstract-Following amputation, people with transfemoral amputation (TFA) and transtibial amputation (TTA) adapt with asymmetrical movements in the spinal and lower-limb joints. The aim of this review is to describe the trunk, lumbopelvic, and hip joint movement asymmetries of the amputated limb of people with TFA and TTA during functional tasks as compared with the intact leg and/or referent leg of nondisabled controls. Electronic databases were searched from inception to February 2014. Studies with kinematic data comparing (1) amputated and intact leg and (2) amputated and referent leg of nondisabled controls were included (26 articles). Considerable heterogeneity in the studies precluded data pooling. During stance phase of walking in participants with TFA, there is moderate evidence for increased trunk lateral flexion toward the amputated limb as compared with the intact leg and increased anterior pelvic tilt as compared with nondisabled controls. None of the studies investigated spinal kinematics during other functional tasks such as running, ramp walking, stair climbing, or obstacle crossing in participants with TFA or TTA. Overall, persons with TFA adapt with trunk and pelvic movement asymmetries at the amputated limb to facilitate weight transfer during walking. Among participants with TTA, there is limited evidence of spinal and pelvic asymmetries during walking.
INTRODUCTION
Lower-limb amputation, including transfemoral amputation (TFA) and transtibial amputation (TTA), is increasingly common secondary to vascular and nonvascular etiology [1] [2] . Owing to the lack of intact knee and/ or ankle joints, persons with TFA and TTA compensate by increased loading on the intact leg as compared with the amputated leg during walking [3] [4] [5] . Further, the mechanical limitations of the prosthesis to fully weight bear on the amputated limb and the loss of lower-limb musculature leads to compensatory movements in the hip [6] , pelvis [7] , and trunk [8] [9] segments during walking. Such compensatory movements are asymmetric in nature, with either increased or decreased motion occurring in the joints of the amputated limb as compared with the intact limb and/or referent limb of nondisabled controls [3, 5, 9] . The terms "movement adaptations" [3, 6] , "compensatory movements" [10] [11] , and "asymmetrical movements" [5, 9] are often used interchangeably in the amputation literature. While movement asymmetries are a form of adaptation following lower-limb amputation, the potential exists that some of the lumbopelvic and lower-limb movement asymmetries could be "maladaptive," potentially predisposing this population to musculoskeletal disorders such as low back pain (LBP) and osteoarthritis [12] [13] .
LBP is a common musculoskeletal condition following lower-limb amputation [14] [15] . Evidence from prevalence studies confirm that LBP is reported as "more bothersome" than other comorbid conditions such as phantom limb pain and osteoarthritis [16] [17] . Further, a majority of respondents with LBP consistently report the presence of LBP for more than 3 yr, which suggests the chronic ongoing nature of LBP in this population [15] . * Potential biomechanical contributing factors for ongoing LBP in this population include proximal movement asymmetries at the trunk and lumbopelvic segments secondary to walking with a prosthesis [12] . Increased lumbar transverse rotation has been reported during walking in persons with TFA and LBP as compared with persons with TFA without LBP (p < 0.05, effect size 1.03) [18] . Despite the cross-sectional study design, the result provides initial evidence for proximal movement asymmetries associated with LBP in people with lower-limb amputation. Such movement and muscle asymmetries in the trunk and lumbopelvic segments could lead to fatigue of spinal musculature and/or cumulative stress of osteoligamentous structures, potentially resulting in spinal instability and LBP [12, 19] .
Previous systematic reviews have focused mainly on the spatiotemporal parameters and kinetic variables of lower-limb joints during walking [4, 20] . Soares et al. reviewed the biomechanical parameters in persons with TTA; however, firm conclusions could not be drawn from this literature review due to the lack of quality assessment of the included studies [20] . Recently, Sagawa et al. reviewed the interlimb movement asymmetries of persons with TFA during stance phase of walking and reported decreased hip motion at the amputated limb in the sagittal plane as compared with the intact limb (p < 0.05); nevertheless, the aim of the review was not specific to kinematics because it investigated various biomechanical parameters such as spatiotemporal parameters, kinetics, and electromyography [4] . Further, the review included studies conducted on participants with both unilateral and bilateral amputation [4] . A recent review reported the muscle compensatory strategies of persons with TFA and TTA during walking [3] ; however, it solely investigated kinetic variables such as joint moment, power, and work of lower-limb joints.
Proximal movement asymmetries at the trunk and lumbopelvic segments during walking have received less attention in the lower-limb amputation literature. In addition to walking, it is equally important to investigate other daily tasks such as climbing stairs, walking uphill and downhill, and running. Understanding the proximal movement asymmetries at the trunk and lumbopelvic segments will inform future prospective studies specifically investigating the potential causal relationship between those movement asymmetries and musculoskeletal disorders such as LBP in this population. The aim of this review is to describe the trunk, lumbopelvic, and hip joint movement asymmetries of the amputated limb during functional tasks as compared with the intact and/or referent limbs of people with TFA and TTA.
METHODS

Eligibility Criteria
Our review was limited to observational studies, including cross-sectional, case series, and case studies, because they provide background information for future case-control and prospective studies [21] . Studies involving adults with unilateral TFA and TTA due to all causes of amputation were included. Participants had to be independent while performing functional tasks, which included every day activities such as, but not limited to, walking, stair climbing, lifting or bending, sit-to-stand, and running. The main outcome variable included kinematics of trunk, lumbopelvic, and/or hip joint during functional tasks. For the purpose of the review, asymmetry is defined as a statistically significant difference between the amputated limb and the intact limb and/or the joint segments of nondisabled controls [3] [4] . For trunk and lumbopelvic segments, studies comparing amputated and intact sides and persons with amputation and nondisabled controls were included. For hip joint, studies comparing amputated and intact legs and amputated and referent legs of nondisabled controls were included [3] . Studies solely investigating postural control and physiological parameters of participants and comparing different prosthetic foot components during functional tasks were excluded. Peer-reviewed articles published in languages other than English and conference proceedings without full text were excluded.
Risk of Bias in Individual Studies
The included articles were assessed for methodological quality based on the modified Down and Black quality assessment tool (Table 1) [22] . This assessment tool was chosen due to its high interrater (r = 0.75) and test-retest (r = 0.88) reliability [22] . Because our review primarily investigated laboratory-based biomechanical studies, items 8, 9, 14, 17, 19, 21, 24 , and 26 in the scale were removed because they are specific to randomized controlled trials. The modified tool had 19 items. Items 13 and 23 were modified, and the term "interventions" was replaced with "functional tasks." Item 4 was modified into "Are the methods clearly described?" Based on previous research, the percentage of total quality scores was classified as high (>75%), moderate (50%-74%), and low (<50%) quality [23] . Two reviewers (H.D. and P.S.) independently assessed the quality of included articles; any disagreement was resolved by mutual discussion and a third reviewer (A.C.) was available to resolve any disagreements.
Data Collection Process
The following information was extracted based on a standardized form of the Cochrane Collaboration of Systematic reviews [24] by the primary investigator (H.D.) and verified by second reviewer (P.S.): study design, functional task, participant characteristics (age, cause and years since amputation, and type of prosthesis), instrumentation, and outcome measures. For trunk and lumbopelvic joint segments, both total motion from the segment and the data from the amputated and intact sides of a particular segment were extracted. For hip joint, total range of motion from the amputated and intact legs of persons with lower-limb amputation were extracted. The trunk motion was defined as movements occurring only at the thoracic segment including both upper and lower thoracic segments [25] . Only the kinematic data at comfortable walking speed and with a neutral prosthetic alignment were extracted, because walking speed could influence the joint kinematics [26] .
Synthesis of Results
The mean difference and 95 percent confidence intervals of kinematic data between the intact and amputated limbs and/or referent limbs of nondisabled controls from individual studies was calculated using Reference Manager 5.2 (Thomson Reuters). For studies without such information, the primary investigator (H.D.) extracted the data from graphs, and where necessary, the authors were contacted via email for additional information. Due to the age of the included articles, this was not always possible. Since we observed considerable variations in presenting the results of kinematic data and limited studies investigating a functional task, pooling study results was not possible. Thus, a descriptive summary of results is presented. The Cochrane Back Review Group rating scale was modified to summarize the level of evidence as strong (consistent findings from multiple high-quality studies), moderate (consistent findings from one high-quality study and one or more moderate-to low-quality studies or multiple moderate-to low-quality studies), limited or conflicting Table 1 . Modified Down and Black quality assessment scale items. 6 . Are the main findings and/or results of the study clearly described?
Tables and graphs should be clearly presented so that the reader can check the major analyses and conclusions. Yes = 1, No = 0.
7. Does the study provide estimates of the random variability in the data for the main outcomes?
Normal distribution: SD, SE, or 95% CI. Non-normal distribution: interquartile range. If the distribution of the data was not described, it must be assumed that the estimates used were appropriate and the question should be answered "yes."
10. Have actual probability values been reported for the main outcomes except where the probability value is less than 0.001? Actual p-value (e.g., p = 0.035 rather than p < 0.05).
External Validity (3 items)
Scoring Criteria Score 11. Were the subjects asked to participate in the study representative of the entire population from which they were recruited?
The study must describe how the participants were recruited. Study would be representative if they comprised the entire source population, an unselected sample of consecutive patients, or a random sample. When a study does not report the proportion of the source population from which the sample is chosen then the question should be marked as "unable to determine." Yes = 1, No = 0, Unable to Determine = 0.
12. Were those subjects who were prepared to participate representative of the entire population from which they were recruited?
The proportion of those who agreed should be stated. Validation that the sample was representative would include demonstrating that the distribution of the main confounding factors was the same in the study sample and the source population. evidence (findings from one high-, moderate-, or lowquality study or inconsistent findings from multiple studies), and no evidence (no studies) [27] .
RESULTS
Study Selection
The electronic search strategy resulted in 2,679 articles ( Figure) . After title, abstract, and full-text screening, 21 articles were included for the final review [6] [7] 9, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . Five additional articles were included by searching the references of included articles (n = 3) [8, 18, 46] and from our recent electronic search in February 2014 (n = 2) [47] [48] . No additional articles satisfying the inclusion criteria were retrieved from the electronic alerts. Of the final 26 articles, 9 investigated kinematics in persons with TFA [8] [9] 18, [29] [30] 35, [38] [39] [40] and 12 in persons with TTA [6, 28, [31] [32] [33] [34] 36, [41] [42] [45] [46] [47] ; 5 investigated both persons with TFA and TTA [7, 37, [43] [44] 48] .
Study Characteristics
Participants Table 2 and 3 present summaries of included studies investigating persons with TFA and TTA, respectively. Most of the included studies (n = 23) adopted a crosssectional study design, with the exception of three studies that had a case series design [7, 9, 30] . Most of the included studies (n = 17) recruited a minimum of 10 participants for the study [8] [9] 18, 28, [31] [32] [33] [34] [35] 37, [40] [41] [42] [43] [46] [47] [48] . The majority (82%) of amputations were due to either trauma or tumors. For a study that does not specify the time period over which participants were recruited, the question should be marked "unable to determine." Yes = 1, No = 0, Unable to Determine = 0.
23. Were study subjects randomized to different functional tasks?
In studies with a single functional task, the scoring will be "not applicable." 
Figure.
Search results. 
Outcome Variables
Overall, 16 studies investigated kinematics during walking [6] [7] [8] [9] 18, 29, [32] [33] 35, [38] [39] [40] [41] 45, [47] [48] and 4 studies investigated kinematics of stair climbing [28, 34, 37, 42] , with few studies investigating the kinematics of other functional tasks, i.e., obstacle crossing (n = 2) [43, 46] , ramp walking (n = 2) [31, 44] , and running (n = 2) [30, 36] . During walking, overall 11 studies investigated pelvis (n = 7) [7] [8] 29, 35, [38] [39] [40] , lumbar spine (n = 1) [18] , and trunk (n = 4) [8] [9] 40, 48] kinematics in participants with TFA. Only three studies investigated pelvis (n = 1) [7] and trunk (n = 2) [47] [48] kinematics in participants with TTA. For functional tasks such as stair climbing, ramp walking, obstacle crossing, and running, only lower-limb kinematics at the hip, knee, and ankle joints were investigated. Table 4 presents the scores of included studies. Most of the studies (n = 20) were classified as moderate quality [6] [7] [8] [9] [28] [29] [30] [31] [32] [33] [34] [36] [37] [38] [39] [44] [45] [46] [47] [48] , with four classified as high quality [19, [41] [42] [43] and two classified as low quality [35, 40] . The total quality assessment score was 12.0 ± 2.8 (mean ± standard deviation). The percentage agreement scores between the two reviewers were good (Cohen kappa: 0.67). Only four studies scored >50 percent in both external validity and internal validity sections [18, 33, 41, 43] . None of the included studies reported power calculation and all scored poorly for this question. Table 5 presents the results of individual studies and a summary of evidence.
Risk of Bias Within Studies
Results of Studies in Persons with Transfemoral Amputation
Trunk and Lumbopelvic Kinematics During Walking
Trunk kinematics. Four studies investigated the trunk motion in participants with TFA [8] [9] 40, 48] . Three studies investigated the side-to-side differences in persons with TFA [9, 40, 48] . During stance phase of the amputated limb, increased trunk lateral flexion toward the amputated limb (p < 0.05) was reported as compared with the intact limb. Two studies compared the sagittal and frontal trunk motion among participants with TFA and nondisabled controls and reported increased trunk motion (p < 0.05) in sagittal and frontal plane during walking [8, 48] .
Pelvic kinematics. Frontal plane-Five studies investigated pelvic obliquity during walking [7] [8] 29, [39] [40] . Three studies investigated the differences in pelvic obliquity between the intact and prosthetic limbs [7, [39] [40] . During the loading response phase of walking, the magnitude of pelvic obliquity on the amputated side was smaller than on the intact side (p > 0.05) [39] . Further, during single-leg support phase of both limbs, a hip-hiking pattern was observed with the pelvis of the swing limb adopting a more elevated position than the stance limb (p > 0.05) [39] . There was a concomitant ipsilateral leaning of the trunk region during this single-leg support phase [7, 39, 48] . Two studies compared the pelvic obliquity among persons with TFA and nondisabled controls and concluded increased total pelvic obliquity (p < 0.05) in persons with TFA (Table 6 ) [8, 29] . Sagittal plane-Three studies investigated pelvic tilt during walking [8, 35, 38] . Only one study investigated the differences in pelvic tilt between amputated and intact legs specifically during initial contact phase of walking [35] . The results showed a significant increase in anterior pelvic tilt of the amputated limb as compared with the intact limb [35] . Among studies comparing pelvic tilt of participants with TFA and nondisabled controls, two studies reported increased pelvic tilt (p < 0.05) as compared with nondisabled controls [8, 38] . Transverse plane-Three studies investigated the transverse rotation of the pelvis during walking [8, [39] [40] ; two of those studies investigated the differences in transverse rotation between amputated and intact limb [39] [40] . Both studies reported reduced pelvic transverse rotation of the amputated limb (i.e., when the amputated limb is in terminal stance) when compared with the intact limb (p > 0.05) [39] [40] . The only study that investigated the total pelvic transverse rotation reported no difference between participants with TFA and nondisabled controls (p > 0.05) [5] . Lumbar spine kinematics. Only one study investigated the lumbar spine motion between persons with TFA and nondisabled controls [18] . This study reported increased lumbar extension (10°) in participants with TFA (n = 17) as compared with nondisabled controls (n = 6) (p < 0.05).
Hip Kinematics During Walking
Sagittal plane. During initial contact phase, two studies reported limited hip flexion of the amputated limb compared with the intact limb (p > 0.05) ( Table 6 ) [9, 38] . During the terminal stance phase, increased hip extension at the amputated limb (p > 0.05) was observed as compared with the intact limb [9] . In contrast, Rabuffetti et al. reported limited hip extension at the amputated limb compared with the intact limb (p < 0.05) in the terminal stance phase [35] .
Frontal plane. Two studies reported hip frontal motion during walking [9, 39] ; only one of the studies investigated the interlimb movement differences and concluded no significant difference between the amputated and intact legs [9] . The other study graphically presented the frontal hip motion and reported that the amputated hip was held in an abducted position as compared with the intact leg throughout the stance phase of walking [39] .
Hip Kinematics During Other Functional Tasks
Running. A case series of four participants investigated the differences in kinematic variables such as total hip sagittal motion and pelvic transverse rotation during running between amputated and intact legs [30] . Asymmetry indices for pelvis and hip joints between amputated and intact legs were reported for individual participants. Decreased pelvic transverse rotation at the amputated limb was reported as compared with the intact limb (p < 0.05). Decreased hip flexion at the amputated limb was reported as compared with the intact limb (p < 0.05), which resulted in a shorter step length during running for all four participants.
Ramp walking. On uphill walking, decreased hip flexion at the amputated limb compared with the intact limb was reported (p < 0.05) [44] . On downhill walking, persons with TFA compensate by increased hip extension on the amputated side compared with the intact leg (p > 0.05).
Stair climbing. During stair descent, limited hip flexion of the prosthetic limb compared with the intact limb was reported (p > 0.05) [37] .
Obstacle crossing. In persons with TFA, reduced hip flexion at the leading prosthetic limb was reported as compared with the leading prosthetic limb of persons with TTA (p < 0.05) [43] . Table 6 presents the results of individual studies and a summary of evidence.
Results of Studies in Persons with Transtibial Amputation
Trunk and Lumbopelvic Kinematics During Walking
Trunk kinematics. Frontal plane-Two studies investigated frontal trunk motion [47] [48] . Both showed increased trunk lateral flexion toward the amputated side during the stance phase of the amputated limbs (p < 0.05) [47] [48] .
Pelvic kinematics. Frontal plane-Two studies investigated the side-to-side differences in pelvic obliquity [7, 47] ; there was no difference in the pelvic obliquity between the intact and amputated limb (p > 0.05) [7, 47] .
Hip Kinematics During Walking
Sagittal plane. At the hip joint, four studies investigated the sagittal hip motion during walking ( Table 6 ) [32] [33] 41, 45] . The results suggest a slight increase in peak hip extension during the stance phase as compared with the intact leg (p > 0.05). In terms of hip flexion, there was no difference in peak hip flexion between the amputated and intact legs.
Frontal plane. Three studies investigated hip frontal plane motion [33, 41, 47] . Studies comparing the amputated and intact legs reported that the amputated leg was held in abduction throughout the gait cycle as compared with the intact leg (p < 0.05) [33, 47] . Only one study investigated the total hip frontal motion and reported no difference between participants with TTA and the referent leg of nondisabled controls [41] .
Hip Kinematics During Other Functional Tasks
Running. The only study that investigated the sagittal hip motion during running reported decreased peak hip extension during stance phase of the amputated limb (p < 0.05) as compared with the intact limb [36] .
Ramp walking. Two studies investigated the interlimb differences in hip sagittal motion during ramp walking [31, 44] . During ramp ascent and descent, both studies report that the hip joint of the amputated limb was less extended during late stance phase (p > 0.05) [31, 44] .
Stair climbing. During stair ascent, increased peak hip flexion was reported in the stance phase of the amputated limb (p < 0.05) as compared with the intact limb [28, 34, 37, 42] . On stair descent, increased peak hip flexion was reported as compared with the intact leg (p < 0.05) [28, 34, 37] .
Obstacle crossing. Two studies compared the obstacle crossing compensatory strategies in participants with TTA and reported increased trunk forward leaning during obstacle crossing (p > 0.05) [43, 46] .
DISCUSSION
Summary of Evidence
The primary purpose of this review was to investigate the asymmetrical movements of the trunk, lumbopelvic, and hip joints in people with TFA and TTA. Walking was the most common functional task investigated in both participants with TFA and TTA. In participants with TFA, during stance phase of walking, moderate evidence exists for the presence of increased trunk lateral flexion toward the amputated limb (withinsubject comparison) (p < 0.05) [8] [9] 40, 48] and increased pelvic anterior tilt (p < 0.05) [8, 35, 38] . In participants with TTA, limited evidence exists for spinal, pelvic, and hip asymmetries during walking. None of the studies investigated spinal kinematics in both participants with TFA and TTA during other functional tasks (i.e., running, ramp walking, stair climbing, and obstacle crossing). Investigating the spinal kinematics during functional tasks other than walking will help us better understand compensatory movement strategies and the potential links to LBP in this population.
In terms of methodological quality, most of the included studies presented with limitations regarding their external validity. This was primarily due to the lack of reporting of the recruitment strategies of study participants. Poor external validity scores suggest that a convenience sample of participants was recruited for the study, which may limit the generalizability of study results. The other subscore that scored poorly in most of the included studies was the selection bias (internal validity) section. This was due to poor reporting of the timeframe during which study and control group participants were recruited for the study. Moreover, none of the studies reported a power calculation and justified their sample size, which may increase the potential for a type II error. These results concur with a similar previous review that concluded low-quality scores in the external validity and selection bias subscores [3] .
Spinal and Pelvic Kinematics During Walking in Persons with Lower-Limb Amputation
Lumbopelvic and trunk asymmetries are more pronounced during the stance phase in persons with TFA. Limited evidence exists to suggest decreased pelvic obliquity on the amputated side (i.e., decreased pelvic drop on the contralateral side) as compared with the intact leg [7, [39] [40] . Similarly, decreased pelvic obliquity (p > 0.05) is reported in persons with TTA [7] . Pelvic obliquity is a normal shock-absorbing mechanism during initial stance phase of walking [7] ; decreased pelvic obliquity may potentially be a compensatory strategy as a result of decreased or absent knee flexion of the amputated limb in persons with TFA and TTA [7] . Further, this movement adaptation could be due to simultaneous ipsilateral trunk flexion toward the amputated limb [47] and inability to plantarflex the prosthetic ankle [6] . Stancecontrol prosthetic knee joints (e.g., microprocessorcontrolled knee) and shock-absorbing pylons reportedly influence the pelvic obliquity by shortening the leg length during initial stance phase in people with TFA and TTA and thus warrant further investigation [7] .
Among persons with TFA, during single-leg support phase (including mid-stance and terminal stance) of the amputated limb, various compensations occur at the lumbopelvic and trunk segments. Moderate evidence from the included studies suggests increased anterior pelvic tilt (p < 0.05) in persons with TFA as compared with nondisabled controls [8, 35, 38] . This movement pattern is suggested to compensate for restricted hip motion secondary to socket-pelvis constraints [35] . Further, this compensatory strategy is proposed to enhance prosthetic knee stability during the stance phase [38] . The only high-quality study of this review reported increased lumbar spine extension (p < 0.05) in persons with TFA as compared with nondisabled controls during the stance phase of walking [18] ; however, the study included participants with and without a history of LBP. Nevertheless, there was no reported difference in the sagittal plane motion between the groups [18] . These results suggest that participants with TFA compensate for the limited hip motion by increasing anterior pelvic tilt and lumbar extension. Increased lumbar extension has been postulated to alter the mechanical loading of facet joints, thereby contributing to degenerative changes in the lumbar spine [49] . While conflicting evidence exists for lumbar extension as a contributing factor to LBP in the general population [49] , such dynamic increase in lumbar motion during walking as a possible contributing factor to LBP warrants further research [35] . Moderate evidence from the included studies also suggests increased trunk lateral flexion (p < 0.05) toward the amputated limb as compared with the intact limb during single-leg support phase [8] [9] 40, 48] . It has been proposed that decreased strength of the hip abductor muscles in the amputated limb is the cause for this compensatory strategy [9] ; nevertheless, this claim remains untested [12] . During terminal stance of the amputated limb (i.e., simultaneous initial contact of the intact limb), findings from the graphs of the included studies suggest limited pelvic transverse rotation of the amputated limb as compared with the intact limb [7, [39] [40] . This compensatory strategy appears to prepare the amputated limb for swing phase [39] .
Hip Kinematics During Walking in Persons with LowerLimb Amputation
Among participants with TFA, during the preswing phase of the amputated limb (i.e., double support phase), limited evidence exists for rapid transitional movement of the hip joint from extension to flexion (p > 0.05) [9, 35, 38] . The intact leg, which is in stance at the same time, appears to compensate by increasing hip and knee joint flexion. This compensatory strategy might be performed to lower the center of gravity and increase the step length of the intact leg [9, 38] . Conflicting results exist in terms of increased or decreased hip extension of the amputated limb during terminal stance phase of walking [9, 35, 38] . The conflicting results could be due to the differences in socket designs (i.e., quadrilateral socket, ischial containment socket) of the participants. A recent study investigating the hip kinematics using different socket designs showed limited hip range of motion regardless of socket design in persons with TFA during walking [50] . In addition, hip flexor tightness and hip flexion contracture have been implicated for limited hip extension in persons with TFA [14, 51] . Although nonsignificant, the findings from the included studies suggest that the hip joint of the amputated limb remains abducted throughout the stance phase, possibly because of increased stride width and compensatory trunk leaning movements [9, 39] . Further, hip abduction contracture secondary to weak hip adductor muscles in the amputated limb could also lead to increased hip abduction during walking [51] .
In participants with TTA, the hip joint of the amputated limb remains abducted throughout the gait cycle similar to participants with TFA (p < 0.05) [33, 41] . This is possibly due to ipsilateral trunk lean toward the amputated limb during stance phase [47] [48] . Another common movement strategy observed in this population is increased hip extension (p > 0.05) during stance phase of the amputated limb. This compensatory strategy is reasoned as a protective strategy to minimize the loading of the amputated limb and as a compensation of weak knee extensor muscles [6, 10, 41] . Studies have shown decreased knee muscle strength in the amputated limb as compared with the intact limb in persons with TTA [52] . Further, to compensate for the decreased loading of the amputated limb, increased hip muscle activity at the amputated limb has also been reported [11] .
Hip Kinematics During Other Functional Tasks in Persons with Lower-Limb Amputation
Overall, the compensatory strategies during various functional tasks in participants with TFA have been primarily through the hip joint of the amputated limb. Limited hip flexion of the amputated limb (p < 0.05) during running and uphill walking appears to result in a shorter step length [30] . Moreover, increased hip extension of the amputated limb (p < 0.05) during stair descending and downhill walking implies the amputated limb assumed an extended posture [44] . Whether such hip joint compensatory movements together with lumbopelvic compensatory movements (i.e., increased anterior pelvic tilt) putatively contribute to LBP warrants further investigation [12] .
In participants with TTA, increased hip flexion (p < 0.05) and limited hip extension (p > 0.05) of the amputated limb was reported during early and late stance phase of stair climbing and ramp walking. These results suggest that the amputated limb adopted an extended posture. Further, persons with TTA were found to compensate with anterior trunk lean (p > 0.05) to facilitate anterior progression during these tasks [34, 42] . Owing to the limited prosthetic ankle range of motion in persons with TTA, the movement asymmetries observed at the amputated limb are possibly to adjust the center of mass during stair climbing and ramp walking [28] . Recent studies investigating the effects of the modified prosthetic ankle (microprocessorcontrolled ankle) during ramp walking and stair climbing appears to enhance patient safety and improve lower-limb kinematics with the modified prosthetic ankle [28, 31] . Whether such improvements in lower-limb kinematics during these tasks may have an effect on lumbopelvic kinematics warrants further research.
Within-and Between-Subject Comparisons
Nine studies investigated trunk and pelvic motion [7] [8] [9] 18, 35, [39] [40] [47] [48] . Five studies investigated withinsubject differences [7, 9, 35, [39] [40] and two studies utilized a nondisabled control group [8, 18] , with two studies reporting both [47] [48] . Given the complexity in measuring three-dimensional spinal motion, it is not always feasible to compare the intact and amputated sides. An alternate for that is to compare persons with amputation and nondisabled controls to provide a better understanding of normative movement patterns.
Methodological Considerations
Although most of the included studies (n = 22) utilized optoelectronic motion capture systems, only 13 studies employed a 6 degrees of freedom modeling strategy to calculate joint angles [8, 18, 28, [31] [32] [33] [34] [40] [41] [42] 45, [47] [48] . The other studies utilized a 3 degrees of freedom strategy (n = 10) and 1 degree of freedom strategy (n = 2). The advantages of investigating joint motion via 6 degrees of freedom include lesser chances of introducing error in the data and independent tracking of joint segments [53] . Further, the included studies employed different marker sets and different modeling strategies, resulting in considerable variation in the study results (i.e., 3 vs 6 degrees of freedom). A recent study conducted in the general population comparing the kinematic data from different marker sets reported significant differences in the results for pelvic range of motion [53] . The results highlight the need for interpreting caution when comparing the results of different marker sets from the studies of our review [54] . In addition to different marker sets, inaccurate marker placement accounts for a major source of measurement error in computing joint kinematics [26] . Apart from one study [55] , none of the included studies reported the examiner who placed the markers on the study participant, which further limits the validity and comparability of results. While most of the included studies reported placing markers in the prosthesis corresponding with the landmarks of the intact leg [8, [28] [29] [30] [31] [34] [35] [36] [37] [38] [39] 47] , this method of marker placement may not be accurate given the differences in functional mechanisms of prosthetic components [56] .
Nine studies reported verification of prosthetic alignment by a certified prosthetist [8, 28, [31] [32] [33] [34] 40, [46] [47] . Optimal prosthetic alignment is important for maintaining adequate socket comfort and functioning with a prosthesis [14] . Improper prosthetic alignment has been shown to significantly increase the hip muscle activity during walking in persons with TFA [57] . While relative movements between the residual limb and socket are inevitable, no study reported whether participants report socket comfort or not during the time of testing. Uncomfortable socket fit may result in functional limb length discrepancy, potentially influencing spinal kinematics in persons with lowerlimb amputation [56] . In addition to socket fit, eight studies presented the data of residual-limb length of participants [6] [7] [8] [9] 30, 32, 36, 46] ; however, the effect of short versus long residual-limb length influencing spinal kinematics warrants further research. Comprehensive kinematic models incorporating the socket-pelvis movements during analysis could improve the validity of kinematic data [56] . In addition, considerable variation existed in the reported kinematic data in the included studies, which limited the comparability of study results. These variations included lack of description of kinematic data [38] [39] and inadequate presentation of results such as presenting only graphs without actual joint data [37] . Because both kinematic and kinetic data are crucial to the understanding of movement adaptation strategies, explicit reporting and discussion of both kinetic and kinematic results are necessary to enable comparison of study results.
Clinical and Research Implications
While cross-sectional studies provide necessary information to understand the movement asymmetries [21] , longitudinal studies specifically investigating the trunk and lumbopelvic movement asymmetries, such as increased trunk lateral flexion and anterior pelvic tilt during walking and other tasks (i.e., stair climbing, ramp walking, and running) over a period of time, are warranted to identify the potential causal relationship with LBP [12] . In addition, studies investigating the effects of various socket design and different types of prosthetic knee and ankle components on spinal and pelvic kinematics may have potential implications for improved prosthesis design and functional performance. In terms of methodological considerations, a need exists for developing a standardized marker placement and modeling strategy in the amputation research to enhance the validity and comparability of kinematic studies [56] . Although challenges in recruiting participants in the amputation research are evident [58] , future studies should consider explicit reporting of the recruitment strategies of study participants to enhance the validity of results.
Strengths and Limitations
To our knowledge, this is the first comprehensive review investigating spinal movement asymmetries during functional tasks in persons with TFA and TTA. Nevertheless, the results of our review must be interpreted with caution. First, several definitions for the term asymmetry exist in the literature [59] [60] . We opted to define asymmetry as a statistically significant difference between the amputated and intact legs or comparing the amputated and referent joint segments of nondisabled controls based on similar previous systematic reviews [3] [4] . For trunk and lumbar spine segments, it may not be always feasible to compare the intact and amputated sides given the complexity of measuring spinal motion, so we deemed it appropriate to compare persons with amputation and nondisabled controls to provide a better understanding of normative movement patterns. Queries related to clinically significant difference between the joint segments of amputated and intact legs justifies further research using longitudinal study designs. Second, although two reviewers independently searched the electronic databases, we included only articles published in English owing to a limited availability of translation services, which may have introduced publication bias. Further, during title screening of articles, we excluded articles that primarily investigated kinetics during a functional task; however, kinematic data were also presented in a few of those articles [61] [62] , which may have limited the number of final articles for our review. A secondary search through references of the included articles and previously published reviews [3] [4] strengthened our search strategy. The cause of amputation of participants in most of the included studies (82%) was either trauma or tumors. The results may not be generalized to those with amputation following vascular causes such as peripheral vascular disease and diabetes, who may present with differing gait kinematics due to their slow walking velocity [63] . All of the included studies reported self-selected walking velocity of study participants, which ranged between 1.1 and 1.4 m/s. Due to differences in walking velocity, the results of those studies may bias the findings of our review. However, the values were within the acceptable limits [64] [65] , so we believe this may not affect the overall interpretation of our results. Due to considerable variations in the prosthetic components used in the included studies, the confounding effects of using different prosthetic components on kinematic variables may have limited our understanding of the data. Last, we excluded articles comparing the different types of prosthetic components, which may have altered our results, but we considered this to be beyond the scope of this review.
CONCLUSIONS
This review identified limited studies specifically investigating spinal and pelvic asymmetries during walking and other functional tasks in persons with TFA and TTA. Moderate evidence exists for the presence of increased trunk lateral flexion toward the amputated limb in participants with TFA together with increased anterior pelvic tilt during stance phase of walking. Limited evidence exists for the presence of spinal and pelvic asymmetries in people with TTA. In terms of other functional tasks such as running, ramp walking, stair climbing, and obstacle crossing, no study investigated spinal kinematics. While aiming to minimize movement asymmetries is never possible in this population, further cross-sectional and longitudinal studies are warranted to investigate the spinal and pelvic compensatory strategies during walking and other functional tasks and explore its potential links to LBP. Explicit reporting of participant recruitment strategy and gait data in future studies will enhance the comparability of results.
